Abstract: exposure buildup factors(eBF) for some spin ice compounds such as Dysprosium Titanate (Dy 2 Ti 2 O 7 ), Dysprosium Stannate (Dy 2 Sn 2 O 7 ), holmium Titanate (ho 2 Ti 2 O 7 ) and holmium Stannate (ho 2 Ti 2 O 7 ) useful in nuclear engineering have been computed for photon energy range 0.015 to 15 MeV upto penetration depth of 40 mean free path. The eBF for these compounds were found to be the largest at photon energy 15 MeV excepts in low energy. The eBF for the compounds containing tin were found to be the largest as well as shown a peak at 30 keV photon energy.
IntrodUCtIon
The intensity of gamma-ray beam through a medium follows Lambert's Beer law (I=I 0 e -µt ) for narrow, monochromatic gamma-ray for thin absorbing material, where I and I 0 are transmitted and initial photon densities, µ is linear attenuation coefficient and t is the thickness of medium. In case of broad beam, polychromatic gamma-ray entering into thick medium, the law is made applicable by introducing a correction factor called as "buildup factor B". Now the modified equation is I= B×I 0 e -µt including the buildup factors, B. The B is 1 when all the above conditions are satisfied. The buildup is defined as the ratio of total value of specified radiation quantity at any point to the contribution to that value from radiation reaching to the point without having undergone a collision. ) are geometrically frustrated magnetic materials called as "Spin ice compounds" due to incompatibility between the lattice symmetry and spin-spin interactions [1] . geometrical frustrations in the spin ice compound occur when the spins on its lattice are not capable of simultaneous minimizing their pair-wise energies. The long-range magnetic dipolar interactions are responsible for spin ice behavior in the Isingpyrochlore magnets [2] . The magnetic rare-earth ions in these materials are situated on the lattice of corner-sharing tetrahedral, where their spins are constrained by crystal field interactions to point either directly toward or directly away from the centers of the tetrahedral. The neutron scattering measurements of spin correlations show that the magnetic Coulomb force acts between the magnetic monopoles by fluctuating the magnetic monopoles between high and low density states close to the critical point [3, 4] .
The spin ice compounds have high neutron absorption cross section and hence these materials are useful for research and power reactors for controlling the nuclear fission processes. The Dy 2 Ti 2 O 7 and Dy 2 TiO 5 are being used as a neutron absorber material in the form of control rods in VVeR types Russian reactors [5, 6] . On the other hand, Dy 2 Ti 2 O 7 exhibits n-type semiconductor properties for single crystal with band-gap of 2.4 eV [7] . The existence of magnetic monopoles in the spin ice compounds provides new era of material properties of condensed matter. It is interesting to note that the spin ice compound exhibit the magnetic monopole at low temperature which become thrust area in condensed matter physics. Therefore, it is interesting to study the buildup of gamma-ray in these materials whereas the photon interaction parameters for some spin ice compounds has been already reported [8] . Although various investigators studied exposure buildup factors for composite materials such as soils, fly-ash, building materials, glasses, detectors, etc elsewhere. however,exposure buildup factors for spin ice compounds are not found in the literature. This has encouraged us to study the exposure buildup factors for spin ice compounds. In view of above, the exposure buildup factors, eBFfor some spin ice compounds such as Dy 2 Ti 2 O 7 (DTO), Dy 2 Sn 2 O 7 (DSO), ho 2 Ti 2 O 7 (hTO) and ho 2 Sn 2 O 7 (hSO) were calculated using g-P fitting method for photon energy range 0.015 to 15 MeV up to penetration depth 40 mfp.The calculation of buildup factor is explained below.
thEorEtICAl BACKGroUnd For ExPoSUrE BUIldUP FACtorS
The compilation for buildup factors by various codes is reported by American Nuclear Society(ANS) [9] .The data in the report covers energy range 0.015-15 MeV up to penetration depth of 40 mean free path (mfp). The buildup factors in the ANS report [9] are for 23 elements (Z=4-92). harima et al., [10] developed a fitting formula, called geometric Progression (g-P) which gives buildup factors of the good agreement with the ANS [9] . harima [11] reviewed extensively and reported the current gamma-ray buildup factors.Various researchers investigated gamma-ray buildup factors for different materials; soil [12] flyash [13] , building materials [14] borosilicate glass [15] , and neutron detectors [16] which shows that the g-P fitting is a useful method for estimation of the buildup factors. The eBF by American Nuclear Society [9] , g-P fitting method and MCNP-5 [17] for water for photon energy range 0.015-15 MeV up to 40 mfp are standardized [13, 15] . It was found that the calculation of buildup factor by present work and ANS [9] agrees within a few percentages.Therefore, g-P fitting method was chosen in the present investigation for calculation of buildup factor for spin ice compounds. The computational work of the eBF forspin ice compounds is done in three steps as;
1. Calculation of equivalent atomic number [18, 19] 2. Calculation of the g-P fitting parameters [18, 19] 3. Calculation of the exposure buildup factors [10, 11] The buildup of photons is mainly due to multiple scattering events by Compton scattering, so that equivalent atomic number, Z eq is derived from the Compton scattering interaction process. The Z eq for individual compound is estimated by the ratio of (µ/ρ) Compton / (µ/ρ) Total , at a specific energy with the corresponding of an element at same energy. Thus first the Compton partial mass attenuation coefficient, (µ/ρ) Compton and the total mass attenuation coefficients, (µ/ρ) Total are obtained using WinXcom program [20] . The Z eq for a compound is calculated by logarithmic interpolation method [18, 19] using formulaas;
(log log ) (log log ) log log (1) where Z 1 and Z 2 are the atomic numbers for elements corresponding to the ratios R 1 and R 2 respectively and R is the ratio for the compound at a specific energy. The g-P fitting parameters are calculated in a similar fashion of logarithmic interpolation procedure for Z eq . Finally buildup factors are calculated using g-P fitting parameters (b, c, a, X k and d) in the following equations given below; 
where,
for penetrat tion depth (X) 40 mfp ≤ (4) where x is the source-detector distance for the medium in terms of mfp and b, the value of the exposure buildup factor at 1 mfp, K (e, x) is the dose multiplicative factor, and b, c, a, X K and d are computed g-P fitting parameters which depends on the attenuating medium and source energy. The equation (4) represents the dependency of K on x; a, c, d and X K are dependent upon attenuating medium and source energy, e. The Z eq and g-P fitting parameters for the spin ice compounds are given in Table 1 
rESUltS And dISCUSSIon
Variation of exposure buildup factor, eBF for the spin ice compounds with photon energy (0.015 to 15 MeV) for selected penetration depths 1, 5, 10, 20 and 40 mfp is shown in Fig. 1 (a-d) . The eBF for the compounds are small in low photon energy region which can be explained by photon interaction cross section dependency on photon energy and atomic numberfor the elements. The Z eq for a compound plays the similar role as Z for an element. The eBF for the compounds are the minimum in low-energy due to dominance of photoelectric effect where interaction cross section is proportional to Z eq 4-5 /e 3.5 . The large values of Z eq of the compounds reduce the buildup factors. With increase in photon energy, eBF increases due to multiple scattering as Compton scattering dominates. The pair production takes over the Compton scattering process for photon energy equal or above 1.022 MeV. In the pair production, interaction cross section is proportional to Z eq 2 , so low-Z eq shows lowest eBF in the pair production region. This type of high buildup factors for the elements, compounds and mixtures have been reported [21] [22] [23] [24] .
It is also noted that the compounds containing tin (Dy 2 Sn 2 O 7 and ho 2 Sn 2 O 7 ) show peaks at photon energy 30 keV (see Fig.1 (b) and (d) ). To explain this, we have plotted the eBF for tin [9] at different penetration depths (1, 5, 10, 20 and 40 mfp)in Fig.2. From Fig.2 , it is observed that the sharp peak in eBF at 40 mfpfor tin (2.88×10 13 )is at energy 30keV analogous to Dy 2 Sn 2 O 7 (3.34×10 7 ) and ho 2 Sn 2 O 7 (3.29×10 7 ). The height of peaks in the spin ice compounds changes due to other elements. Therefore, it is concluded that peaks in eBF in low-energy are due to presence of the tin element. Variation of eBF for the spin ice compounds for penetration depth (0-40 mfp) is shown in Fig. 3 (a-d) . It is to be noted that the eBF for the compounds increase with photon energy and penetration depth. however, in low-energies the eBF are found to be constant. The eBF for the selected compounds are found to be unity at 0.015 MeV photon energy. As photon energy increases, the eBF increases and become linear at high energy (15 MeV) . The eBF for the compounds containing tin are found to be the largest.This type of behavior of buildup factor for superconductors has been reported [24] .
ConClUSIonS
In the present study, we studied exposure buildup factors for some spin ice compounds DysprosiumTitanate, Dysprosium Stannate, holmium Titanate and holmium Stannateuseful in nuclear engineering for photon energy range 0.015 to 15 MeV. The eBF for the compounds containing tin were found to be the largest as well as shown a peak at 30 keV photon energy.This study could be very useful for shielding evaluation of this and similar type of spin ice compounds. 
